including analgesia, can be acquired in decerebrate animals and humans (Berntson & Micco, 1976; Berntson, Tuber, Ronca, & Bachman, 1983) or in the isolated spinal cord (Grau, Salinas, Illich, & Meagher, 1990) . Such findings suggest that such responses rely on associative learning in subcortical systems. In addition, conditioned responses are often mediated by synaptic plasticity in specific pathways and are robustly produced in invertebrates (Antonov, Antonova, Kandel, & Hawkins, 2001; Glanzman, 1995; Hawkins, Abrams, Carew, & Kandel, 1983; Johansen, Cain, Ostroff, & LeDoux, 2011) .
Human pain modulation also appears to be highly dependent on the pairing of cues and reinforcers, which suggests that precognitive learning may be critical. The paradigm that produces the most reliable effects on human pain involves two phases: In the learning phase, different cues are repeatedly reinforced with either highpain or low-pain stimuli. In the subsequent test phase, all cues, whether associated with high pain or low pain, are followed by identical noxious stimuli. This procedure allows a test of the cues' effects on pain. Typically, pain responses in the test phase are larger after cues associated with high pain than after cues associated with low pain (Atlas, Bolger, Lindquist, & Wager, 2010; Atlas & Wager, 2012; Colloca, Petrovic, Wager, Ingvar, & Benedetti, 2010; Voudouris, Peck, & Coleman, 1990) . In contrast, verbal suggestion alone does not typically produce robust pain-modulation effects (Colloca et al., 2008 (Colloca et al., , 2010 de Jong, van Baast, Arntz, & Merckelbach, 1996; Montgomery & Kirsch, 1997; Voudouris et al., 1990) , which suggests that pain modulation may require experience-based, precognitive learning.
However, another aspect of conditioned modulation of pain suggests the opposite: Precognitive associations are not enough, and cognitive expectations are required. Formal mediation analyses have found that the effects of conditioned cues on reported pain are mediated by participants' self-reported expectancies (Montgomery & Kirsch, 1997) . In addition, conditioning does not typically produce pain modulation when people are unaware of the association between the cue and pain (Carlino et al., 2015; Montgomery & Kirsch, 1997; Watson, El-Deredy, Bentley, Vogt, & Jones, 2006) . These findings suggest that conditioned modulation of pain is mediated by conceptual representations (i.e., by conscious, reportable pain expectancies).
One way these apparently discrepant findings may be reconciled is that both conditioning and conceptual processes are required, but neither alone is sufficient to modulate pain. Previous studies have not provided clear tests of this hypothesis: Virtually all pain-conditioning studies use primary aversive stimuli as USs, which inherently confounds precognitive and conceptual effects. Conditioning may induce both precognitive synaptic plasticity and conceptual expectancies in parallel (Kirsch, 2004; Montgomery & Kirsch, 1997) . At first blush, a few paradigms do not appear to involve primary reinforcers. In social-conditioning studies, for example, representations of other individuals' pain are used as USs (Colloca & Benedetti, 2009; Vogtle, Barke, & Kroner-Herwig, 2013) . However, other people's expressions of pain may serve as primary reinforcers, because they are affective, arousing stimuli in their own right; hence, the mechanisms by which they induce learning may be precognitive rather than conceptual. Thus, what is actually learned during aversive conditioning-and which types of learning processes (i.e., precognitive or conceptual) mediate conditioned modulation of pain-remains unknown.
In this study, we used two approaches to dissociate the roles of precognitive associations and conceptual representations in conditioned modulation of pain. First, we investigated whether conditioned cue effects on heat-pain responses could be obtained without any differential primary reinforcement of cues for high pain and low pain. Such pain modulation would necessarily be conceptual. To this end, we developed a symbolicconditioning paradigm, in which the reinforcers that served as USs during learning were linked with pain only via conceptual processing. Visual cues (CS-high and CS-low cues), each consisting of a specific geometric shape, were repeatedly paired with pictures of thermometers displaying high and low temperatures, respectively. During a subsequent test phase, the CShigh and CS-low cues were followed by identical noxious heat stimuli (i.e., the cues were never differentially reinforced with actual pain), and we examined the cues' effects on physiological pain responses (heat-evoked skin conductance response, or SCR) and reported pain. If precognitive associations drive conditioned modulation of pain, symbolic conditioning would not be expected to affect pain responses during the test phase. If, however, conceptual representations drive conditioned modulation of pain, symbolic conditioning might affect subsequent pain responses.
Our second approach was analytic: We used multilevel mediation analyses to examine whether self-reported expectancies formally mediated the effects of conditioned cues on heat-evoked SCR. If so, this would show that expectancies mediate conditioning effects not only on reported pain (Montgomery & Kirsch, 1997) but also on pain physiology, which is less likely to be affected by demand characteristics (Orne, 1962) and decision biases.
Another aim of this study was to compare the effects of self-reported expectancy with the effects of anticipatory (cue-evoked) SCR, an autonomic preparatory response. Distinguishing the effects of these two types of anticipatory responses on subsequent pain may shed light on a seemingly inconsistent finding in human and animal painconditioning studies. As mentioned earlier, human participants typically show stronger pain responses after cues associated with high pain than those associated with low pain. In contrast, in rodent studies, pain-predictive conditioned cues typically reduce the animal's pain response (a phenomenon called conditioned analgesia; Chance, White, Krynock, & Rosecrans, 1977) . This phenomenon has been attributed to fear-or threat-induced analgesia in animals (Fanselow, 1986) . One possible explanation for this apparent discrepancy is that physiological threat responses suppress pain through an automatic compensatory process, whereas expectancies have the opposite effect (i.e., increased pain with increasing expected pain). The former effect may dominate in animal studies and the latter may dominate in human studies, which could lead to the apparent discrepancy. To examine this hypothesis, we measured trial-to-trial variation in participants' selfreported pain expectancy and anticipatory SCR amplitude. We tested whether each of these anticipatory responses mediated the effects of conditioned cues on heat-evoked SCRs and pain ratings-and, if so, in which direction.
Method

Participants
We tested 30 healthy participants with no history of psychiatric, neurological, or pain disorders and no current pain. All participants gave written informed consent and received $12 per hour for their participation. The experiment was approved by the institutional review board of the University of Colorado Boulder. We chose a sample size of 30 on the basis of the large to very large effect sizes observed in our lab in previous heat-pain conditioning studies with primary reinforcers (e.g., Atlas et al., 2010; Schafer, Colloca, & Wager, 2015) . Sample sizes of about 30 provide approximately 80% power to detect an effect size (Cohen's d) of 0.54 or larger, which is near the lower bound of what we expected to find in our symbolicconditioning paradigm according to our hypothesis that the conditioning effects on pain in previous studies were mediated by conceptual representations.
One participant decided to stop before the end of the test phase because she found the heat stimuli too painful. In addition, 1 participant had to be excluded because of thermode failure. Finally, we excluded the data of 2 other participants who did not show SCRs to the heat stimuli (mean SCR amplitude < 0.05 µS). Thus, the final data set was based on 26 participants (mean age = 25 years, range = 18-55 years; 18 men, 8 women).
General procedure
Participants first completed a calibration procedure to ensure that they were not abnormally sensitive or insensitive to thermal stimuli. During the calibration, we delivered three thermal stimuli (peak temperature = 45-50 °C; ramp rate = 40 °C/s; 1.0 s at peak temperature) to each of five sites on the volar surface of the participants' left inner forearms, using a contact heat-evoked-potential stimulator (27-mm diameter Peltier thermode; Medoc Ltd., Ramat Yishai, Israel). After each stimulus, participants rated their experienced pain using a visual analog scale (VAS). The anchors were no pain and worst-imaginable pain. Participants then completed the conditioning phase followed by the test phase.
Conditioning phase
At the beginning of the conditioning phase, we instructed participants that they would learn associations between specific shapes and specific heat levels. We also told them that the heat levels would be displayed on a thermometer during the first part of the experiment (the conditioning phase) and applied to their forearms during the second part of the experiment (the test phase).
Each conditioning trial (Fig. 1a) started with a 0.5-s fixation screen, after which one of six geometric shapes (the CSs; a square, parallelogram, diamond, triangle, trapezoid, or pentagon) appeared at the center of the screen for 2 s. Following the CS, participants indicated which heat level they expected on a 100-unit vertical VAS with lower and upper anchors of baseline skin temperature and extremely hot, respectively. Participants rated the heat level they anticipated by using a computer mouse to drag a slider on the VAS. The VAS was displayed alongside a picture of a blank thermometer. After a 1-or 2-s anticipation period in which the fixation screen was displayed again, the thermometer reappeared for 3 s, this time indicating a specific heat level (the US). For a given participant, three of the shapes (CS-high cues) were always followed by a thermometer indicating a high heat level, and the other three shapes (CS-low cues) were always followed by a thermometer indicating a low heat level. We used five different heat levels, in random order, in both the high-heat and the low-heat categories; hence the specific heat levels displayed varied across trials (the average displayed heat levels following each CS-low and CS-high cue were 37.0% and 81.6% of the thermometer scale's range, respectively). The next trial started after an intertrial interval ranging from 1.5 to 3.5 s, during which a blank screen was displayed. Participants completed 120 conditioning trials (20 trials per CS, in random order) and were allowed to take a short break after every 30 trials.
To examine potential interactions between the effects of conceptual conditioning and the level of explicit information about cue meaning, we presented each cue in one of three conditions: (a) no instructions, (b) one-time instructions (before the start of the conditioning phase) about the heat level associated with the cue, or (c) per-trial instructions (before the CS cue) about the upcoming heat level. The per-trial instructions consisted of the presentation of the word "LOW" or "HIGH" for 1 s immediately before the onset of the CS. Thus, for a given participant, each shape was always assigned the same combination of instruction condition and heat-level outcome; for example, the square might always be paired with the no-instruction condition and be followed by a low heat level (i.e., a CS-low/noinstruction cue). Each participant completed 40 trials (20 CS-high and 20 CS-low trials) of each of the three instruction conditions, intermixed in random order. The allocation of the geometric shapes (CSs) to the different conditions was counterbalanced across participants. Because the instruction manipulation did not substantially influence the effects of CS type on any of the dependent variables, we report test-phase results pooled across the three instruction conditions (the slight variations that were found as a function of instruction condition are reported in the Supplemental Material available online).
Test phase
Each test trial (Fig. 1b) started with a 500-ms fixation screen. Then, one of the CSs from the preceding conditioning phase or the word "LOW" or "HIGH" was presented for 2 s. After this, participants indicated how much pain they expected on that trial using a horizontal 100-unit VAS with anchors of no pain and worst-imaginable pain. After 2 to 5 s, a contact heat-evoked-potential stimulus (peak temperature = 47 or 48 °C; ramp rate = 40 °C/s; 1.0 s at peak temperature) was delivered to the volar surface of the left inner forearm. Between stimuli, the thermode maintained a baseline temperature of 32 °C. The VAS reappeared on the screen 6 to 8 s after offset of the heat stimulus, and participants rated how much pain they had experienced on that trial. Then, after an intertrial interval ranging from 4.5 to 6.5 s, during which an empty screen was displayed, the next trial started.
Unbeknownst to the participants, the temperature of all heat stimuli was either 47 °C or 48 °C, counterbalanced across trials, and had no relation to the preceding cue. Participants completed 10 trials for each of the CSs or words, in random order (i.e., 80 test trials in total). After every 16 trials, we moved the thermode to a new site on the participants' forearms. To reduce the impact of site-specific habituation effects ( Jepma, Jones, & Wager, 2014) , we administered one initial 48 °C stimulus to each skin site before starting the first trial on that site.
SCRs
We recorded participants' electrodermal activity throughout the experiment using 11-mm Ag/AgCl electrodes (Biopac Systems, Goleta, CA) attached to the medial phalanges of Examples of a conditioning trial and a test trial. All conditioning trials were completed before the beginning of the test phase. In a conditioning trial (a), participants saw a fixation screen, after which one of six shapes (the conditioned stimulus, or CS) appeared. A vertical visual analog scale (VAS), represented in the figure as a vertical line (lower anchor: baseline skin temperature; upper anchor: extremely hot), then appeared next to a blank thermometer. To indicate the heat level they expected, participants used a computer mouse to drag a slider on the VAS. The fixation screen was displayed again, and then the thermometer reappeared, this time symbolically indicating a specific heat level (the unconditioned stimulus). Finally, a blank screen was displayed until the next trial began. In one third of conditioning trials, the conditioned stimulus was preceded by a 1-s instruction screen displaying "HIGH" or "LOW" (see Method and the Supplemental Material available online). In a test trial (b), participants saw the fixation screen, followed by one of the shapes (shown here) or the word "HIGH" or "LOW." They then indicated, on a horizontal VAS, how much pain they expected in the trial. The fixation screen reappeared. At this point, heat was applied to participants' forearms. After a pause, participants used the horizontal VAS to rate how much pain they experienced. Finally, a blank screen was displayed until the next trial began.
the left index and middle fingers. The hand with the SCR electrodes attached rested on a table, and participants were instructed to sit still and to not move their left hands during the task. Data were sampled at 500 Hz.
In offline analyses, we applied a 5-Hz low-pass filter to the skin conductance signal and down-sampled the signal to 50 Hz. We calculated the CS-evoked, thermometerevoked, and heat-evoked SCRs by subtracting the mean signal during the 2 s before stimulus onset from the time course of the signal during the 8 s after stimulus onset (for the visual stimuli) or 10 s after stimulus onset (for the contact heat stimuli). We defined trial-specific peak SCR amplitudes as the maximum value of the SCR signal during the 0-to 8-s interval after CS or thermometer onset and as the maximum value during the 4-to 10-s interval after contact-heat onset.
We included the data from all trials in the main analyses to prevent introducing a sampling bias by selectively removing the most extreme values. However, to check for extreme values, we examined the distribution of each participant's single-trial SCR amplitudes, and we defined potential outliers as values that fell more than 3 standard deviations from the mean (on average, 1.7 trials for CS-evoked SCR and 1.1 trials for heat-evoked SCR). To examine whether any observed effects might have been driven by these extreme SCR values, we excluded these trials and repeated our mediation analyses (see Mediation Results section).
Statistical analyses
We used the Multilevel Mediation toolbox (http:// wagerlab.colorado.edu/tools; Atlas et al., 2010; Wager et al., 2009 ) to conduct multilevel regression and mediation analyses on the single-trial behavioral data and SCR amplitudes.
Regression analyses for the conditioning phase.
To examine explicit learning of the CS-heat associations during the conditioning phase, we modeled the effects of CS type (CS-high vs. CS-low) and the CS Type × Time interactions on expected heat ratings. Time was modeled using the mean-centered linear and quadratic effects of trial number (counted separately for each CS). We also contrasted CS Type × Time interaction effects for (a) the no-instruction condition and the combination of the one-time and per-trial instruction conditions and for (b) the one-time instruction condition and the pertrial instruction condition. To test for the acquisition of conditioned SCRs to the CSs, we repeated these analyses on CS-evoked SCR amplitudes. In this analysis, we also accounted for potential adaptation of SCRs over time by modeling the linear and quadratic effects of time (trial number), and we tested whether there was a main effect of instruction condition. Finally, we tested the effects of symbolic heat level (high or low), the linear and quadratic effects of time, and the Heat Level × Time interactions (linear and quadratic) on participants' thermometer-evoked SCR amplitudes.
Regression analyses for the test phase.
To test for conditioning effects on heat-evoked SCRs and pain ratings during the test phase, we modeled the effects of stimulus temperature, CS type (CS-high vs. CS-low), the Temperature × CS Type interaction, and the CS Type × Instruction interactions. To test whether the effects of CS type changed over time (e.g., because of extinction learning), we also modeled the CS Type × Time (trial number) interactions. To account for potential site-specific or sitenonspecific pain-adaptation effects ( Jepma et al., 2014) , we also modeled the linear and quadratic effects of both site-specific and site-nonspecific repetition. After running regression models that included all the regressors mentioned, we excluded covariates of no interest that did not predict the dependent variable (ps > .10). We report the results from these reduced models, which are very similar to those from the initial full models.
Multilevel mediation analyses for the test phase.
We next used multilevel mediation analyses to test whether the effects of CS type on pain responses in the test phase were formally mediated by participants' CSevoked SCRs or pain-expectancy ratings. Our mediation analyses tested whether there was an effect of CS type (CS-high vs. CS-low) on CS-evoked SCR amplitude and pain-expectancy ratings (paths a1 and a2, respectively), whether CS-evoked SCRs and pain-expectancy ratings were predictive of heat-evoked SCRs and pain ratings when we controlled for CS type (paths b1 and b2, respectively), and whether the relationship between CS type and heat-evoked SCRs or pain ratings (path c) decreased when we controlled for CS-evoked SCR or pain-expectancy ratings: c -c′, equivalent to a × b + cov(a,b). This last test was a test of mediation. We controlled for stimulus temperature and for the linear and quadratic effects of sitespecific and site-nonspecific repetition by including these effects as covariates in the mediation models. We tested the significance of all effects using a bootstrap procedure (100,000 bootstrap samples). Bootstrapping does not require the assumptions of normality or equality of variance for valid inference, which is a primary motivation for its widespread use in mediation tests.
Results
Conditioning phase
Participants gradually learned the heat levels predicted by each CS-high and CS-low cue, as expected (see When explicit instructions about cue meaning were provided in addition to the information provided by the conditioning process, participants immediately predicted the heat levels associated with the CS-high and CS-low cues, also as expected (see Fig. S1A in the Supplemental Material). These effects were reflected in significant effects of CS type, the CS Type × Time interactions, and the CS Type × Time × Instruction (no instruction vs. instruction) interaction (all ps < .001; see Table S1 in the Supplemental Material for effect sizes of all significant predictors).
The CSs evoked small SCRs (~5-10 times smaller than those evoked by noxious heat stimuli during the subsequent test phase) that did not differ across cues (p = .228). The CSs that had been paired with explicit instructions about their associated heat levels evoked smaller SCRs than the CSs for which no prior information had been provided (p = .015; Fig. S1B and Table S1 in the Supplemental Material), which possibly reflects enhanced cognitive processing of the CSs for which associated heat levels could be learned only from experience. There were no CS Type × Time or CS Type × Instruction interactions (all ps > .250; see Fig. S2 in the Supplemental Material), which indicates that SCRs to the CS-high and CS-low cues did not differ between early learning or late learning in any of the instruction conditions.
The thermometer pictures also evoked small SCRs that did not differ as a function of displayed heat level (p > .250; Fig. S3 in the Supplemental Material). In addition, there were no Heat Level × Time interactions (linear or quadratic) on thermometer-evoked SCR amplitude (all ps > .250).
In summary, participants did not show a differential SCR to the symbolic USs (i.e., the high and low heat levels displayed on thermometers). Although they successfully learned the heat-predictive values of the CSs, they also did not acquire increased SCRs to CS-high compared with CS-low cues during the conditioning phase. These findings confirm that the symbolic representations of high and low heat were neither primary aversive USs nor spontaneously acquired CSs to heat pain, which would be expected to elicit differential SCRs. Thus, any CS effects on subsequent pain responses were unlikely to reflect second-order conditioning of the CSs to previously acquired associations between the thermometers and heat pain (Gewirtz & Davis, 2000) ; instead, they must be driven by the CSs' conceptual representation of high and low heat acquired during the symbolic-conditioning procedure.
Test phase
Our main results concern the effects of symbolic conditioning on participants' responses to painful heat in the test phase. The effects of CS type (CS-high vs. CS-low) on both heat-evoked SCRs and reported pain were highly significant in all three instruction conditions. Therefore, we report results pooled across instruction conditions (the slight variations that were found as a function of instruction condition are reported in Additional Results in the Supplemental Material).
Conditioning effects on heat-evoked SCRs. Heatevoked SCRs were larger on CS-high than on CS-low trials (p = .007; Fig. 2a, Table 1) . Thus, the symbolically conditioned cues affected participants' autonomic response to the noxious heat stimuli. As expected, heatevoked SCRs were greater following heat stimuli of 48 °C than those of 47 °C (p < .001; Table 1 ), but there was no Temperature × CS Type interaction (p > .250). The effect of CS type on heat-evoked SCR amplitude decreased over the course of the test phase (CS Type × Time interaction; p = .005) and was absent during the last part of the test phase (Fig. 2b) . This decrease may have resulted from habituation to heat-evoked SCRs overall (strong negative repetition effects; Table 1 ), which produced a floor effect.
Conditioning effects on heat-evoked pain ratings.
As expected, participants reported higher pain after 48 °C heat stimuli than after 47 °C heat stimuli (p < .001; see Table 1 for regression results for all significant predictors). In addition, pain ratings were higher on CS-high trials than on CS-low trials (p < .001; Fig. 2c , Table 1 ). There was also a CS Type × Temperature effect (p = .009); the effect of CS type was larger for the 48 °C stimuli than for the 47 °C stimuli. In addition, there was a trend for a negative CS Type × Time interaction (p = .080), which indicates a slight decrease of the effect of CS type on pain ratings over the course of the test phase. However, the effect of CS type on pain rating was still highly significant at the end of the test phase (Fig. 2d shows pain ratings for each quartile of the test phase and both heat stimuli).
Mediation results. We next used multilevel mediation analyses to test whether the effects of CS type on autonomic and self-reported pain responses were formally mediated by trial-to-trial variation in anticipatory (CSevoked) SCR amplitude or pain-expectancy ratings. We first examined whether anticipatory SCR amplitude or pain-expectancy ratings mediated the effect of CS type on heat-evoked SCR amplitude (Fig. 3a) . Both anticipatory SCRs and pain-expectancy ratings were higher after CS-high cues than after CS-low cues ( Fig. 3c and 3d ; path a1: p = .038; path a2: p < .001). Anticipatory SCR amplitude negatively predicted heat-evoked SCR amplitude when we controlled for CS type (path b1, p < .001) but did not significantly mediate the effects of CS type on heat-evoked SCR (a × b1, p > .250). In contrast, painexpectancy ratings positively predicted heat-evoked SCR amplitude when we controlled for CS type (path b2, Error bars represent ±1 within-subjects SE. Asterisks represent significant differences between CS-high and CS-low cues (*p < .05, **p < .01, ***p < .001).
p < .001), and fully mediated the effects of CS type on heat-evoked SCRs (a × b2: p = .006; path c′: p > .250). We used two other mediation models to investigate whether pain-expectancy ratings and anticipatory SCR mediated the effects of the CS on pain ratings (Fig. 3b) . The effects of CS type on anticipatory SCR (path a1) and expected pain (path a2) were as described in the previous paragraph. Anticipatory SCR amplitude did not predict pain rating when we controlled for CS type (path b1, p > .250) and did not mediate the effects of CS type on pain ratings (p = .192). Pain-expectancy ratings positively predicted pain ratings when we controlled for CS type (path b2, p < .001) and formally mediated the effects of CS type on pain ratings (a × b2, p < .001). When we controlled for pain-expectancy ratings, the effects of CS type on pain ratings remained marginally significant (path c′, p = .045), which implies a partial mediation rather than a full mediation.
The negative relationship between anticipatory and heatevoked SCR amplitude could potentially be explained by an amplitude-dependent refractory period, such that a larger SCR to the CS leads to a larger suppression of the SCR to the subsequent heat stimulus. If this is the case, the negative relationship between anticipatory and heat-evoked SCRs should decrease when the interval between them increases. To test this hypothesis, we added the duration of the interval between CS onset and heat onset-which varied across trials because of the jittered heat-anticipation delay and variation in pain-expectancy rating times-as a covariate to the first mediation analysis. This did not change the results: If anything, path b (the negative effect of anticipatory SCR on heat-evoked SCR) became even stronger when we controlled for the interval between CS onset and heat onset (p < .00001).
In these main analyses, we included all trials to prevent the introduction of a sampling bias by selectively removing extreme values. However, to examine whether any of the observed effects might have been driven by extreme SCR values on specific trials, we repeated the mediation analyses after excluding trials on which SCR amplitudes were more than 3 standard deviations from the within-person mean. This yielded the same pattern of significant results for all tests, except that the effects of CS type on anticipatory SCR amplitude (path a1 in Figs. 3a and 3b) was just short of significance after the extreme values were excluded (p = .13). Exclusion of extreme values changed neither the negative relationship between anticipatory SCR and heat-evoked SCR nor the effects of 
CS-High
CS-Low Fig. 3 . Mediation results. The mediation model in (a) shows the effect of the type of conditioned stimulus (CS) on heat-evoked skin conductance response (SCR), as mediated by anticipatory SCR (paths a1 and b1) and expected-pain rating (paths a2 and b2). Path c′ indicates the effect of CS type on heat-evoked SCR when anticipatory SCR and expected-pain rating were included in the model. The mediation model in (b) shows the effect of CS type on pain rating, as mediated by anticipatory SCR (paths a1 and b1) and expected-pain rating (paths a2 and b2). Path c′ indicates the effect of the CS on pain rating when anticipatory SCR and expected-pain rating were included in the model. In both models (a and b), red and blue arrows indicate positive and negative paths, respectively. Asterisks indicate significant path coefficients (*p < .05, **p < .01, ***p < .001). Note that the two mediators (anticipatory SCR and expected-pain rating) were tested in separate mediation models. The displayed significance levels are based on these separate models, but including both mediators in a single model produced highly similar results. In (c), grand-average SCR in the test phase is graphed as a function of time before and after CS onset for both CS types. In (d), mean expected-pain rating in the test phase is plotted as a function of trial for both CS types.
CS type and expected-pain rating on heat-evoked SCR. The same pattern of results was found when we excluded trials on which SCR amplitudes were more than 2 standard deviations from the mean (on average, 4.9 trials for anticipatory SCRs and 4.3 trials for heat-evoked SCRs). Finally, we also examined the correlations among expected-pain ratings, experienced-pain ratings, heatevoked SCR amplitude, and anticipatory SCR amplitude while controlling only for temperature and site-specific and site-nonspecific repetition. We did this separately for each participant and tested whether the correlation coefficients differed from 0 using one-sample t tests. . These correlations corroborate the results for path b in our mediation analyses. We note that the SCR measures yielded relatively low correlations because of the low signal-to-noise ratio inherent in singletrial physiological data but are consistent across participants. Low R values mean simply that we could not predict outcomes very accurately for individual trials, but here we were concerned with the reliability of the effects tested in the population. Finally, there was no correlation between expected-pain rating and anticipatory SCR amplitude (mean r = .004, CI = [−.05, .05]), t(25) = 0.18, p > .25, which suggests that these measures reflect two independent anticipatory processes.
Discussion
Together, expectations and learning shape pain processing on the basis of environmental cues (Rescorla, 1988; StewartWilliams & Podd, 2004) , but the mechanisms driving these effects are largely unresolved. Our results demonstrate robust modulation of self-reported and physiological pain responses following a purely conceptual conditioning procedure. Furthermore, conditioned-cue effects on heatevoked SCRs were fully mediated by reported expectations. These findings indicate that conceptual representations, rather than precognitive associations, are critical in conditioned pain modulation in humans.
Conditioning to conceptual reinforcers provides a unique way to disentangle precognitive and conceptual influences. One interesting question is how our findings relate to recent demonstrations of pain modulation following social-conditioning procedures in which USs were observations of other people's pain responses (Colloca & Benedetti, 2009; Vogtle et al., 2013) . Whereas pain expressions in other people may serve as primary reinforcers because of their affective nature, the thermometer images that served as USs in our paradigm were not affectively arousing and were linked with pain only via conceptual processing. In addition, pain assessments in socialconditioning studies have focused on self-reported pain, which is sensitive to decision biases. For example, in what we believe is the only social-conditioning study to examine autonomic physiology, Colloca and Benedetti (2009) found heart-rate deceleration in response to cues associated with high pain compared with cues associated with low pain. This finding is likely to be related to anticipatory orienting rather than pain-evoked autonomic responses. Our study significantly extends this work by showing modulation of pain physiology following purely conceptual conditioning.
If conceptual representations are a crucial ingredient in pain modulation, why are verbal suggestions alone typically much less effective than suggestion combined with conditioning? The weak effect on pain of verbal suggestion alone is a recurring theme (Colloca et al., 2008 (Colloca et al., , 2010 de Jong et al., 1996; Voudouris et al., 1990) . One possibility is that expectancies created by one-time information are too weak. Repeatedly experiencing cueoutcome associations may strengthen people's trust in the cues' predictive value and thereby their capacity to modulate pain. Another interesting possibility is that conditioning results in more precise, and therefore more powerful, expectancies about cue-outcome associations. More precise expectancies would be expected to yield greater pain modulation in a Bayesian framework, because precise prior information is more influential than diffuse information when integrating expectations with incoming sensory data (Buchel, Geuter, Sprenger, & Eippert, 2014) . Verbal suggestions of low or high pain are rather nonspecific and therefore may lead to diffuse, uncertain expectancies. According to this account, conditioning to certain conceptual representations-such as visually displayed heat levels-may counterintuitively produce stronger pain-modulation effects than conditioning to primary noxious stimuli, for which perceived intensity is more ambiguous. Future studies that directly compare effects of primary and conceptual conditioning could test this hypothesis.
A unique feature of our study is that we measured trialto-trial variation in physiological responses to pain anticipation (anticipatory SCRs) as well as pain (heat-evoked SCRs) and the relationship between them. Anticipatory SCRs in the test phase were larger following CS-high cues than CS-low cues, which is consistent with anticipatory threat. Anticipatory SCRs and self-reported expectancies had opposite effects on pain responses, which suggests that anticipatory SCRs were not open to introspection. The suppressing effect of anticipatory SCRs on heatevoked SCRs was unlikely to have been due to an amplitude-dependent refractory period, because (a) anticipatory SCRs were much smaller than heat-evoked SCRs, (b) controlling for the delay between CS onset and heat onset did not weaken the effect, and (c) a previous study found a positive rather than negative relationship between SCR amplitudes evoked by two successive stimuli (Bach, Flandin, Friston, & Dolan, 2010) . Instead, the opposing effects of self-reported expectancy and anticipatory SCR may reflect two distinct pain-modulatory effects: an expectancy-driven effect that causes assimilation of the pain response toward the expected pain and a precognitive compensatory mechanism through which an autonomic threat response has analgesic effects. The second effect may reflect the fear-conditioned analgesia that is prominent in the animal literature (Chance et al., 1977; Fanselow, 1986; Helmstetter & Fanselow, 1987) but not in human pain-conditioning studies (for an exception, see Flor & Grusser, 1999) . Which of the two processes predominates may depend on the pain-related outcome measure (e.g., self-reports or autonomic responses), threat intensity (Rhudy & Meagher, 2000) , and species (Kirsch, 2004) . The expectancy effect dominated in our study, resulting in robust net assimilation of pain responses toward the predictive values of the cues.
In conclusion, the present study provides novel evidence that conceptual representations can influence pain physiology in a surprisingly robust way. Investigation of the neural mechanisms underlying the acquisition and expression of conceptually conditioned pain modulation is an important objective for future research. For example, is the expression of conceptually conditioned pain modulation mediated by brain systems that also mediate nociceptive pain or is it mediated by cognitive or valuation systems that do not interact with the nociceptive system (Woo, Roy, Buhle, & Wager, 2015) ? This remains an open question. Finally, it will be interesting to directly compare the effects of conceptual and primary pain conditioning. We did not include the latter condition, which has been studied extensively in previous work, because our aim was to examine whether conceptual conditioning could modify pain responses at all. Having demonstrated this, further examination of the similarities and differences between conceptual and primary conditioning is an important next step.
